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The influenza non-structural protein 1 (NS1) plays a
critical role in antagonizing the innate immune
response to infection. One interaction that facilitates
this function is between NS1 and RIG-I, one of the
main sensors of influenza virus infection. While NS1
and RIG-I are known to interact, it is currently unclear
whether this interaction is direct or if it is mediated by
other biomolecules. Here we demonstrate a direct,
strain-dependent interaction between the NS1 RNA
binding domain (NS1RBD) of the influenza A/Brevig
Mission/1918 H1N1 (1918H1N1) virus and the second
caspase activation and recruitment domain of
RIG-I. Solving the solution structure of the 1918H1N1
NS1RBD revealed features in a functionally novel re-
gion that may facilitate the observed interaction.
The biophysical and structural data herein suggest
a possible mechanism by which strain-specific dif-
ferences in NS1 modulate influenza virulence.
INTRODUCTION
The influenza virus is a serious public health concern causing
seasonal epidemics and sporadic pandemics that result in sig-
nificant morbidity and mortality worldwide. Every year, unique
strains of the influenza virus cause seasonal outbreaks that result
in more than 200,000 hospitalizations (Thompson et al., 2006)
and approximately 35,000 deaths in the United States (Molinari
et al., 2007). The annual impact on public health is largely deter-
mined by each strain’s ability to be spread from one host to
another, termed transmissibility, and its relative ability to cause
disease, or virulence. The sporadic pandemics caused by the
influenza virus provide clear illustrations of how these factors
can affect the severity of a particular strain. For instance, the
H1N1 virus that caused the 1918 Spanish influenza pandemic
(1918H1N1) infected one-third of the world’s population and
resulted in approximately 50–100million deaths worldwide (Tau-
benberger and Morens, 2006), illustrating both high transmissi-
bility and virulence. In contrast, the 2009 H1N1 virus caused
the Swine Flu influenza epidemic, which displayed high trans-
missibility and low virulence. While the interactions between viralStructure 23, 2001–20and host proteins that underlie transmissibility have been
extensively studied (Neumann and Kawaoka, 2015), our under-
standing of the strain-specific interactions that underlie virulence
is limited. Influenza viruses encode multiple proteins that
contribute to virulence, including the proteins associated with
the viral RNA-dependent RNA polymerase (Graef et al., 2010)
and the multifunctional non-structural protein 1 (Ayllon and Gar-
cia-Sastre, 2014).
The non-structural protein 1 (NS1) is a 217–237 amino acid
protein encoded by segment 8 of the influenza virus with an
approximate weight of 26 kDa. NS1 is composed of two inde-
pendently folding functional domains, the N-terminal RNA
binding domain (NS1RBD) and the C-terminal effector domain
(NS1ED). NS1 plays a critical role in modulating virulence by facil-
itating viral evasion of the host innate immune response (Ayllon
and Garcia-Sastre, 2014). The importance of this function has
been demonstrated by numerous studies showing that certain
NS1 variants are capable of dramatically influencing the viru-
lence of a particular strain (Ayllon et al., 2014; Dankar et al.,
2013; Jackson et al., 2008; Spesock et al., 2011). Each domain
contributes to this function by antagonizing the type I interferon
(IFN) response to viral infection via interactions with multiple
host proteins. The NS1RBD, encoded by residues 1–73 of NS1,
is an approximately 17-kDa obligate homodimer that adopts a
novel six-helical RNA binding fold (Chien et al., 1997). Critical
for its RNAbinding function are the conserved arginine and lysine
residues at positions 38 and 41 respectively (Wang et al., 1999).
Mutation of these residues abrogates the ability of the NS1RBD to
bind RNA and greatly impedes the ability of the influenza virus
to block IFN production upon infection (Pichlmair et al., 2006).
One explanation for this observation is that a critical function
of the NS1RBD is to sequester double-stranded RNA (dsRNA)
from cellular machinery that induces the type I IFN expression
upon detection of dsRNA in the cell. However, the relatively
low affinity of the NS1RBD for dsRNA (Chien et al., 2004) makes
this possibility less likely due to the high affinity of other cellular
dsRNA binding proteins such as RIG-I, the main sensor of influ-
enza virus infection in the host cell (Yoneyama et al., 2004). In
addition to facilitating dsRNA binding to the NS1RBD, Arg38
and Lys41 have been shown to be involved in the interactions
of NS1 with TRIM25 (Gack et al., 2009), RIPLET (Oshiumi et al.,
2009), and RIG-I (Guo et al., 2007; Mibayashi et al., 2007; Opitz
et al., 2007; Pichlmair et al., 2006). These interactions are vital to
inhibiting the induction of the type I IFN response, an essential
component of the innate immune response to influenza infection.10, November 3, 2015 ª2015 Elsevier Ltd All rights reserved 2001
Figure 1. 1H-15N HSQC Spectra of the 1918H1N1 NS1RBD with Resi-
due-Specific Backbone Assignments IndicatedThis inhibition of the innate immune response occurs at the origin
of the RIG-I signaling pathway. It has been previously shown that
the NS1:RIG-I complex is detected by co-immunoprecipitation
(Guo et al., 2007; Mibayashi et al., 2007; Opitz et al., 2007; Pichl-
mair et al., 2006); however, there is no clear evidence distin-
guishing the nature of the complex (i.e. whether the association
is direct or mediated by other interactions). A more thorough un-
derstanding of this interaction is of particular importance due to
the role of RIG-I as an innate sensor of RNA virus infection and
activator of the type I IFN response (Yoneyama et al., 2004).
RIG-I is composed of two N-terminal caspase activation and
recruitment domains (CARDs), three helicase domains (Hel 1,
Hel 2, and Hel 2i), and a regulatory C-terminal domain. It func-
tions by binding to viral RNAs possessing a 50 triphosphate
group (Schlee and Hartmann, 2010) which, in turn, induces a
structural change in RIG-I that exposes the two N-terminal
CARDs (CARD1 and CARD2) (Myong et al., 2009). This confor-
mational change allows CARD2 of RIG-I to be ubiquitinated at
Lys 172 by TRIM25 (Gack et al., 2009) and RIPLET (Oshiumi
et al., 2009). The ubiquitinated CARDs of RIG-I then bind to the
CARDs of the mitochondrial adaptor MAVS (mitochondrial anti-
viral signaling). This ultimately leads to the nuclear translocation
of the transcription factors IRF3, AP-1 (c-Jun/ATF-2), and nu-
clear factor kB, which drive transcription of the type I IFN genes,
thereby stimulating the innate antiviral response to influenza
infection (Jiang et al., 2011; Kowalinski et al., 2011). Further-
more, expression of the CARDs alone is adequate for inducing
IFN-b production in vitro, underscoring their involvement in
the host innate immune response (Yoneyama et al., 2004). The
interaction between RIG-I and the influenza NS1RBD suppresses
proper RIG-I function, thereby dramatically decreasing IFN-b
production (Guo et al., 2007; Mibayashi et al., 2007; Opitz
et al., 2007; Pichlmair et al., 2006). This inhibition of the innate
immune response allows the virus to replicate more efficiently,
and ultimately leads to a more severe disease state (Yoneyama
et al., 2004).
We demonstrate in this study that the 1918H1N1 NS1RBD inter-
acts directly with the second CARD domain of RIG-I (CARD2)2002 Structure 23, 2001–2010, November 3, 2015 ª2015 Elsevier Ltdusing nuclear magnetic resonance (NMR) chemical shift pertur-
bation (CSP) analysis. At present, the interface at which this
interaction was observed on the 1918H1N1 NS1RBD has no func-
tion attributed to it. The identification of a functionally novel
region of the NS1RBD underscores the importance of our obser-
vations. Strikingly, no interaction was observed when the same
conditions were tested for the NS1RBD derived from the influenza
A/Udorn/1972 (H3N2) virus (Udorn). This observation suggests
that the interaction between the NS1RBD and CARD2 is depen-
dent on the strain from which the NS1RBD is derived. Given the
lack of sequence identity between the two NS1RBDs in the re-
gions shown to interact with CARD2 and the number of chemical
shifts observed, the solution structure of the 1918H1N1 NS1RBD
was solved to identify structural differences that may facilitate
the strain-dependent interaction. Comparing the newly solved
1918H1N1 NS1RBD solution structure with the previously solved
Udorn NS1RBD solution structure revealed several structural dif-
ferences that may underlie the observed differences in the bind-
ing of RIG-I. These data suggest a direct, strain-dependent inter-
action between RIG-I and the NS1RBD, highlighting a potential
structural explanation for the observed differences in virulence
between strains of influenza.
RESULTS
The N-terminal domain of the NS1 protein (residues 1–73)
encodes the independently folding NS1RBD, an obligate homo-
dimer that exhibits a wide range of RNA binding activities (Ayllon
and Garcia-Sastre, 2014). To investigate a possible direct
interaction between RIG-I and 1918H1N1 NS1RBD, it was first
necessary to determine whether the 1918H1N1 NS1RBD was
amenable to NMR. The 1H-15N heteronuclear single-quantum
coherence (HSQC) spectrum shows a dispersed single set of
peaks that is indicative of a well-folded protein (Figure 1).
Because the NS1RBD is a symmetric homodimer, only 72 amide
resonances (excluding prolines) were expected and ultimately
observed, in addition to amides from the side chains of glutamine
and asparagine. These data indicate that the 1918H1N1 NS1RBD is
amenable to NMR analysis.
The Second CARD Domain of RIG-I Binds Directly to the
1918H1N1 NS1RBD
RIG-I, one of the main sensors of influenza virus infection (Yo-
neyama et al., 2004), plays an essential role in activating the
type I IFN response to infection (Kato et al., 2006). CSP analysis
was used to probe for a direct interaction between the
1918H1N1 NS1RBD and CARD2 of RIG-I. NMR chemical shifts
are exquisitely sensitive to atomic chemical environments, mak-
ing it possible to determine protein-ligand interaction sites by
identifying residues whose chemical shifts are perturbed upon
the addition of a ligand (Foster et al., 1998). For this analysis,
1H-15N HSQC spectra for the 1918H1N1 NS1RBD alone and in
the presence of unlabeled CARD2 were collected. The first step
in the analysis was to obtain resonance assignments for the
1918H1N1 NS1RBD in the unbound state. High-quality triple-reso-
nance spectra allowed backbone resonance assignments to be
obtained for 70 of the 72 (97%) possible assigned residues. Anal-
ysis of 13Ca chemical shifts (Wishart and Sykes, 1994) indicates
that each monomer of the 1918H1N1 NS1RBD is composed of anAll rights reserved
Figure 2. NMR Chemical Shift Perturbations Reveal an Interaction
between the 1918H1N1 NS1RBD and the Second CARD Domain of
RIG-I
(A) Overlay of 1H-15N HSQC spectra of the 1918H1N1 NS1RBD (black) and the
1918H1N1 NS1RBD after adding unlabeled CARD2 (purple) at a 1:1 molar ratio.
(B) Chemical shift perturbations (CSPs) were quantified and plotted on a
per-residue basis. The dotted line represents the calculated 2scorr0 cutoff
(0.024 ppm) with those residues experiencing shifts greater than the cutoff
highlighted in purple (see Experimental Procedures).a1-turn-a2-turn-a3 structure, with the homodimer exhibiting the
six-helical dimeric structure that is consistent with the previously
solved Udorn NS1RBD solution structure (Chien et al., 1997).
Upon addition of unlabeled CARD2, CSPs were observed for
multiple residues when compared with the reference 1H-15N
HSQC spectra of the 1918H1N1 NS1RBD alone (Figure 2A). Molar
ratios above 1:1 resulted in precipitation of the protein sample.
Therefore, a ratio of 1:1 was used in all CSP experiments as it
gave the most robust chemical shifts. Normalized weighted
average 1H and 15N shift differences were plotted as a function
of residue position (Figure 2B). Statistical analysis of the
weighted shift differences determined that several residues
that exhibited significant perturbations were primarily localized
in two regions, the a1 helix (residues 14–21) and the C-terminal
a3 helix (residues 66–73), as determined by analysis of the
13Ca
chemical shifts (Wishart and Sykes, 1994). The cutoff value
used to determine statistically significant chemical shift differ-
ences ð2scorr0 Þ was calculated using a previously published
method that was determined to result in less than 4.5% false
positives when discriminating between interacting and non-
interacting residues (Schumann et al., 2007). Remarkably, the
residues of the NS1RBD for which CSPs were observed have
no previous function attributed to them. To validate CSP anal-
ysis, 2D 15N HSQC nuclear Overhauser effect spectroscopy
(NOESY) spectra were collected to further characterize the inter-Structure 23, 2001–20action between the 1918H1N1 NS1RBD and CARD2. We observed
a significant decrease in the intensity of several cross-peaks in
the 1918H1N1 NS1RBD/CARD2 spectra when compared with the
spectra of the free 1918H1N1 NS1RBD (Figure S1). This decrease
in peak intensity or, in some cases, disappearance altogether
is most likely due to increased relaxation caused by spin-diffu-
sion contact with protons on CARD2. Using assignments ob-
tained from our structure calculation, we determined that the
weakened cross-peaks correlated with residues identified using
CSP analysis of the 1918H1N1 NS1RBD in the presence of CARD2.
In addition, we were able to obtain an estimate of the binding
affinity using non-denaturing gel electrophoresis. Estimated Kd
of 42.82 ± 11.47 mM and 97.31 ± 26.26 mM were obtained using
the relative differences in density and mobility of the 1918H1N1
NS1RBD band observed upon the addition of increasing concen-
trations of CARD2, respectively (Figure S2). Although Kd is not
necessarily a reliable determinant of biological relevance, our
measured Kd value is consistent with other interactions between
viral and cellular proteins that are known to be biologically rele-
vant (Briknarova et al., 2011; Garrus et al., 2001; Yoo et al.,
1997). Based on these results, we conclude that there is a direct
interaction between the NS1RBD derived from the 1918H1N1 influ-
enza virus and the CARD2 of RIG-I at a functionally novel inter-
face. Interfering with the proper function of CARD2 through
this interaction could effectively abrogate the IFN-b response,
thereby facilitating influenza’s circumvention of the host cell’s
innate immune response (Yoneyama et al., 2004). Further studies
will be needed to fully understand the functional consequences
of this interaction.
The Second CARD Domain of RIG-I Does Not Bind to the
Udorn NS1RBD
It is becoming increasingly clear that many of the properties
attributed to the NS1 protein are strain dependent. These prop-
erties include, but are not limited to, intracellular localization,
virulence, post-translational modification, and evasion of the
innate immune response (Ayllon and Garcia-Sastre, 2014).
This quality of NS1 is reflected by its remarkable genetic plas-
ticity when compared with other influenza viral proteins (Heaton
et al., 2013). We therefore sought to determine whether
the observed interaction between the 1918H1N1 NS1RBD and
CARD2 is dependent on the strain of influenza from which the
NS1RBD is derived. The Udorn strain was chosen due to the avail-
ability of a high-resolution solution structure (Chien et al., 1997),
making comparison of any differences more efficient, as well as
the use of this strain in numerous studies of influenza infection.
As with the 1918H1N1 NS1RBD, it was first necessary to express
and purify the NS1RBD derived from the Udorn strain of influenza.
Once a high-quality 1H-15N HSQC spectrum was recorded (data
not shown), high-quality three-dimensional (3D) spectra allowed
us to obtain resonance assignments for 71 of the 72 (99%) of the
possible residues. It was determined, using 13Ca chemical shift
analysis (Wishart and Sykes, 1994), that the expressed and puri-
fied Udorn NS1RBD possessed the same secondary structure
observed in the previously solved solution structure.
We performed similar 1H-15N HSQC-based CSP experiments
to determine whether the Udorn NS1RBD interacts directly with
CARD2. For these experiments, 1H-15N HSQC spectra were
collected for the Udorn NS1RBD in the unbound state and in10, November 3, 2015 ª2015 Elsevier Ltd All rights reserved 2003
Figure 3. NMR CSP Demonstrates No Discernible Interaction be-
tween the Udorn NS1RBD and the Second CARD Domain of RIG-I
Overlay of 1H-15N HSQC spectra of the Udorn NS1RBD (black) and in the
presence of CARD2 (cyan) indicate no CSPs upon the addition of unlabeled
CARD2 at a 1:1 molar ratio. Figure 4. Alignment of the 1918
H1N1 and Udorn NS1RBD
Residues that are not conserved between the two strains are outlined in gray.the presence of unlabeled CARD2. An overlay of the unbound
Udorn NS1RBD spectra and the Udorn NS1RBD/CARD2 spectra
revealed that upon addition of CARD2, no residues in the Udorn
NS1RBD appeared to be perturbed (Figure 3). To ensure the
absence of significant CSPs, normalized weighted average 1H
and 15N shift differences were plotted on a per-residue basis.
No significant perturbations were observed that were greater
than the resolution of the 1H-15N HSQC spectra recorded (data
not shown). The lack of significant perturbations demonstrates
that there is no discernible interaction between the Udorn
NS1RBD and CARD2, confirming that the interaction between
the NS1RBD and CARD2 is strain dependent.
Solution Structure of the 1918H1N1 NS1RBD
Sequence alignment of the 1918H1N1 and Udorn NS1RBD identi-
fied changes in the a3 helix (Figure 4) as well as residues
observed to be involved in the interaction with CARD2 (R21Q
and R67K). The solution structure of the 1918H1N1 NS1RBD was
solved and compared with the previously solved structure of
the Udorn NS1RBD to elucidate a possible structural explanation
for the strain-specific interaction observed. An assortment of 2D
and 3D NMR experiments, including measurements of residual
dipolar couplings (RDCs), were used to solve the solution struc-
ture. The agreement of the structures with experimental RDCs is
shown in Table S1 and the structures’ statistical quality indica-
tors are given in Table S2. The similar values of the R factors be-




a RDCs of the
monomeric subunits and the dimeric state in both alignment me-
dia confirmed that the two mainly rigid monomeric backbone
structures are accurately oriented relative to one another in the
homodimer (data not shown). The magnitude and rhombicity of
the alignment tensors and the RDC agreement with the NMR
structures are listed in Table S1.
Consistent with theUdorn NS1RBD structure and the 13Ca anal-
ysis above, the structure of 1918H1N1 NS1RBD is a homodimer
that adopts a six-helix antiparallel bundle (Figure 5A). As previ-
ously noted, there are several differences in amino acid
sequence when comparing the 1918H1N1 and Udorn NS1RBDs
(Figure 5B). Mapping the observed CSPs on to the solved
1918H1N1 NS1RBD structure revealed that the residues involved2004 Structure 23, 2001–2010, November 3, 2015 ª2015 Elsevier Ltdin the interaction were localized to a small portion of the a1 helix
and a much larger portion of the a3 helix (Figure 6). This structure
map illustrates that the 1918H1N1 NS1RBD/CARD2 interaction oc-
curs via a novel binding interface that is localized to the surface
opposite to that of the RNA binding interface.
Insight into the Structural Basis for the Strain-Specific
Interaction between the 1918H1N1 NS1RBD and RIG-I
Given our data regarding CARD2 binding, we sought to deter-
mine which structural features may account for the observed
strain specificity of this interaction by analyzing the a3 and a3
0
helices of the 1918H1N1 NS1RBDs to compare their relative
backbone and side-chain spatial orientations. Examination of
the individual structures revealed that the orientation of the
1918H1N1 NS1RBD a3 and a3
0 helices is altered when compared
with that of the Udorn NS1RBD. Alignment of the structural model
ensembles reveals significant variation in the spatial arrangement
of the a3 and a3
0 helices when comparing the two strains (Fig-
ure 7A). Further analysis of thea3 anda3
0 helices revealed twopo-
tential salt bridges that are present in the 1918H1N1 NS1RBD but
absent in the Udorn NS1RBD. The potential salt bridges are be-
tween Glu66:Lys70 and Arg210:Glu72 of the 1918H1N1 NS1RBD
(Figure 7B). The absence of these potential salt bridges in the
Udorn NS1RBD appears to be due to a single residue change
from Arg21 in the 1918H1N1 strain compared with Gln21 in the
Udorn strain. It is therefore likely that the Arg210:Glu72 salt bridge
is necessary for the formation of the salt bridge between Glu66
and Lys70. The potential salt bridges alter the relative positions
of the a3 and a3
0 helices in the 1918H1N1 NS1RBD that are involved
in the interaction with CARD2, providing a potential structural
explanation for the strain-specific nature of this interaction. Anal-
ysis of the 13C NOESY spectra offers two lines of evidence that
support the presence of the Arg210:Glu72 salt bridge. First,
an NOE peak is observed from the perspective of Arg21 Hd3 to
Glu 2 Hb2 and from the perspective of Glu72 Hb2 to Arg21 Hd3
(data not shown), indicating that these two atoms are in close
proximity. Second, the overall position of Glu72 in the lowest-
energy structure parallels Leu69. NOEs are present from the
perspective of Glu72 Ha, Hb2, Hb3, and Hg2 to the Leu69 Ha
(data not shown). If the orientation was different (e.g. Glu72All rights reserved
Figure 5. Solution NMR Structural Studies
of the 1918H1N1 NS1RBD
(A) Ribbon diagram of the 16 energy-minimized
conformers that represent the NMR structure
of the 1918H1N1 NS1RBD (1–73) homodimer. The
two monomers are shown in black and green,
respectively, with the N and C termini labeled for
each.
(B) Monomeric structure with residues that are
mutated when comparing the 1918H1N1 NS1RBD
with the Udorn NS1RBD (indicated in blue).
(C) Multiple views of the 1918H1N1 NS1RBD, indi-
cating that it retains the canonical six-helical
fold demonstrated by previously solved solution
structure of the influenza Udorn NS1RBD.pointing away fromArg21), theseobservedNOEsbetweenLeu69
and Glu72 would not be visible. Taken together, the presence of
the NOE peaks are highly suggestive of the presence of a salt
bridge between Arg210 and Glu72.
We expressed and purified a mutant 1918H1N1 NS1RBD that
incorporated a Gln at position 21 as is found in the 1972H3N2
Udorn strain to validate the hypothesized functional role of
Arg21. CSP analysis was then performed using the R21Qmutant
protein upon addition of CARD2. As seen in Figure 8, there are no
significant perturbations observed when comparing the 1H-15N
HSQC spectra of the mutant in the presence of CARD2 with
the reference spectra. However, minute perturbations were
observed for residues previously shown to be involved in the
interaction between the NS1RBD and CARD2. This indicates
that the interaction between the NS1RBD and CARD2 may notStructure 23, 2001–2010, November 3, 2015be completely abrogated by the R21Q
mutation, but severely inhibited. Further-
more, we expressed and purified a
mutant Udorn NS1RBD that incorporated
an Arg at position 21 to determine
whether CARD2 binding could be
rescued by mutating Gln21 to Arg in the
NS1RBD derived from the Udorn strain of
influenza. CSP analysis indicated thatthere is no discernible interaction between the Udorn Q21R
mutant and CARD2 (Figure S3). In conclusion, the 1918H1N1
R21Q and Udorn Q21R mutant data indicate that the presence
of an Arg at position 21 is necessary, but not sufficient to facili-
tate the interaction between the NS1RBD and CARD.
Quantitative Analysis Reveals Statistically Significant
Differences in the Relative Positions of the a3 and a3
0
Helices
Although the differences in the surface models are apparent, we
sought to quantitatively analyze the variation of the spatial ar-
rangements between the two strains by extracting the atomic
coordinate information for each atom of the lowest-energy struc-
ture for the 1918H1N1 and Udorn NS1RBD. Using these data, the
intramolecular distances were determined between homologousFigure 6. CSPs Induced by the Addition of
CARD2 Reveal a Functionally Novel Region
of the NS1RBD
Perturbations are mapped onto the lowest-energy
structure of the 1918H1N1 NS1RBD with shifts
greater than 2scorr0 shown in purple. Helices known
to be involved in RNA binding (blue) exist opposite
to the identified CARD2 binding interface.
ª2015 Elsevier Ltd All rights reserved 2005
Figure 7. Prospective Salt Bridge Alters the
Orientation of a3 and a3
0 and May Facilitate
Strain Specificity
(A) Alignment of the ensemble Udorn NS1RBD
(cyan) and 1918H1N1 NS1RBD (purple) structures.
(B) Ribbon diagram of the 1918H1N1 NS1RBD, with
residues involved in the potential salt bridges
labeled and the distances between them indicated.atoms in the 1918H1N1 and Udorn a3 and a3
0 helices (Ile54 to
Ser73). Measurements were only made between residues
conserved between both strains (Figure 9A) to ensure that these
data were not biased by differences in side-chain lengths be-
tween the strains. Several different measurements were made
to ensure that none of them were biased to any particular set
of atoms. These measurements include Ca atoms only, back-
bone atoms, side-chain atoms, and all atoms. Each measure-
ment revealed that the average intramolecular distance between
the a3 and a3
0 helices were significantly greater for 1918H1N1
when compared with the Udorn strain. As illustrated in Figure 9,
the average differences were calculated to be 2.1 A˚ for Ca atoms
(p = 0.0483), 1.9 A˚ for backbone atoms (p < 0.0001), 1.6 A˚ for
side-chain atoms (p < 0.0001), and 1.8 A˚ for all atoms in the a3
and a3
0 helices (p < 0.0001). It should be noted that because
the measurements took into account the entire a3 and a3
0 helices
and not the subset of residues on the helices that undergo CSP,
the average distances calculated are a conservative estimate.
For example, if only the residues that undergo CSP are used in
the calculation of intramolecular Ca distances, the average dis-
tance increases from 2.1 to 3.8 A˚. These data support the view
that the potential salt bridge in the 1918H1N1 strain may facilitate
the interaction with CARD2 by altering the relative positions of
the a3 and a3
0 helices when compared with the Udorn strain.
To accompany these data, RDC analysis was used to further
confirm structural differences between the two strains. RDC
measurements provide information about the orientation of the
bond vector of interest relative to the external magnetic field.
By comparing observed RDC measurements for the 1918H1N1
NS1RBD to back-calculated RDCs using the previously solved
Udorn NS1RBD solution structure, it can be determined whether
there are any bond vector orientations that significantly deviate








a RDC measurements made using a
5% C12E5 polyethylene glycol/hexanol mixture (0.96 surfac-
tant/alcohol molar ratio) (Ruckert and Otting, 2000) and nega-
tively charged acrylamide gel stretched from 4.2 to 5.4 mm
(Ulmer et al., 2003) as alignment media, the root-mean-square
deviations (RMSDs) were calculated as 4.0 and 2.5 Hz, respec-
tively. To ensure a robust comparison, only differences between
experimental and structure-derived RDCs of twice the RMSD
(95% confidence interval) were used to identify differences
between the backbone structures. The RDCs back-calculated
from the Udorn strain that are significantly different (using this
criterion) from those measured for the 1918H1N1 NS1RBD solution2006 Structure 23, 2001–2010, November 3, 2015 ª2015 Elsevier Ltd All rights reservedstructure correspond to Asp2, Ser3,
His17, Gln25, Leu69, Lys70, Glu71, and
Glu72. This observation supports the hy-
pothesis that the potential salt bridgebetween Arg210 and Glu72 in the 1918H1N1 NS1RBD alters the
orientation of the a3 and a3
0 helices when compared with the
Udorn strain, and that this deviation may play a role in the strain
specificity of the CARD2 interaction. Furthermore, the structural
difference observed in His17 between the two structures may
indicate a role in the interaction. This idea is supported by the
magnitude of the observed CSP of His17 upon addition of
CARD2 (Figure 2B) and the prominent role that histidine residues
are known to play in protein-protein interactions (Liao et al.,
2013). Mutating His17 to an Ala resulted in abrogation of the
interaction with CARD2, although this mutation may have desta-
bilized the 1918H1N1 NS1RBD, resulting in a partially unfolded pro-
tein (Figure S4) and making it difficult to draw any robust conclu-
sions from the data.
DISCUSSION
Here,we report a novel binding surface thatmay facilitate a strain-
dependent interaction between the NS1RBD and CARD2 of RIG-I.
Although we observed a direct interaction between the 1918H1N1
NS1RBD and CARD2 using NMR CSP analysis, no discernible
interaction was observed when assessing the NS1RBD derived
from the Udorn strain of influenza. Analysis of the solution struc-
ture revealed the presence of two potential salt bridges between
Glu66:Lys70 and Arg210:Glu72 of the 1918H1N1 NS1RBD. The pre-
viously solved structure of the Udorn NS1RBD did not possess
either of these potential salt bridges, possibly due to a single point
mutation at position 21 (Arg21 for 1918H1N1 andGln21 for Udorn).
Additional analysis of the variation in the intramolecular distances
between the a3 and a3
0 helices indicated that the deviation be-
tween the two strains was statistically significant. RDC analysis
using the previously solved Udorn NS1RBD solution structure
confirmed structural deviations in the a3 and a3
0 helices between
the two strains for residues involved in and adjacent to the poten-
tial salt bridge (Leu69 to Glu72) in the 1918H1N1 NS1RBD. Taken
together, these data suggest that the interaction between the
NS1RBD and CARD2 is strain specific and may be facilitated by
the novel potential salt bridge observed in the 1918H1N1 NS1RBD
structure. Indeed, mutating the Arg at position 21 in the
1918H1N1NS1RBD to aGln resulted in abrogationof the interaction
between theNS1RBDandCARD2, further illustrating theselectivity
of this interaction.
Genetic analysis of the region shown to interact with CARD2
reveals evolutionarily conserved residues that may play a role
in suppression of the innate immune response. Of particular
Figure 8. NMR CSP Demonstrates No Discernible Interaction
between the 1918H1N1 NS1RBD R21Q and the Second CARD Domain
of RIG-I
Overlay of 1H-15N HSQC spectra of the 1918H1N1 NS1RBD R21Q (black) and in
the presence of CARD2 (green) indicate no CSPs upon the addition of unla-
beled CARD2 at a 1:1 molar ratio.interest to our study are positions that may form the salt bridge
between Arg210 and Glu 72 of the 1918H1N1 NS1RBD that stabi-
lize the a3 and a3
0 helices. While Glu72 is conserved among all
influenza viruses, it was determined that 69% of influenza vi-
ruses encode an Arg at position 21, with Gln and Leu being
found at position 21 in 20% and 11% of all influenza viruses,
respectively (Figure 10). This conservation may have biological
implications in the form of suppression of the IFN-b response.
Indeed, a study in 2010 looked at which strains blocked IFN-b
and IRF3 induction (Kuo et al., 2010). Of the strains that were
unable to block IFN-b and IRF3 induction, only 10% contained
an Arg at position 21. In contrast, 60% of strains containing an
Arg at position at 21 were able to block IFN-b and IRF3 induc-
tion (Kuo et al., 2010). These data suggest that while an Arg at
position 21 is not required for NS1 to inhibit IFN-b induction, the
presence of Arg21 may augment this function of NS1. One of
our hypotheses presented in the paper is that other domains
of RIG-I interact with NS1 and that the interaction between
the NS1RBD and CARD2 further stabilizes the NS1/RIG-I com-
plex. This hypothesis is supported by the data suggesting that
Arg21 enhances the inhibition of IFN-b induction but is not
required. However, the lack of data regarding specific inter-
actions between NS1 and RIG-I prevent us from drawing any
robust conclusions regarding prediction of the interaction
from amino acid sequences. An additional caveat that may pre-
vent predictions from amino acid sequences alone is the pres-
ence of compensatory mutations that modulate suppression of
IFN-b induction. It has been shown that although NS1 inhibits
the innate immune response, the precise mechanism by which
it achieves this suppression is strain specific and involves
various pathways.
As indicated previously, studies have shown that RIG-I ex-
hibits an interaction with NS1 that is critical for abrogating the
innate immune response and may augment influenza virulence.
However, no study conducted to date has ruled out or confirmed
a direct interaction between the influenza NS1 and RIG-I. OurStructure 23, 2001–20observation of a direct interaction between two domains of these
proteins allows for a more thorough understanding of the molec-
ular interactions that may modulate virulence. Our data support
and expand on previous work that has demonstrated the impor-
tance and presence of the interaction for the PR8 strain of influ-
enza (A/Puerto Rico/1934) by revealing a molecular interaction
that may be critical for the interaction between NS1 and RIG-I.
This interaction may abrogate RIG-I function in a number of
ways. One possible scenario is that the NS1RBD masks Lys172
of CARD2 and prevents its ubiquitination by TRIM25 (Gack
et al., 2009) and RIPLET (Oshiumi et al., 2009), thereby inhibiting
the signal cascade that leads to expression of type I IFN, a
necessary component of the innate immune response. Another
possibility is that interaction between the NS1RBD and CARD2
may prevent the structural rearrangement of RIG-I necessary
for activating the downstream elements that induce the innate
immune response. While the scope of the current study pertains
exclusively to the interaction between CARD2 and the NS1RBD,
the presence of direct interactions between other domains of
RIG-I and either the NS1RBD or NS1ED derived from additional
strains of influenza cannot be ruled out. For example, the interac-
tion betweenCARD2 and the NS1RBDmay stabilize a larger com-
plex involving NS1, RIG-I, and other biomolecules, which in turn
allows efficient abrogation of the innate immune response.
Furthermore, the presence or absence of this stabilization may
modulate each strain’s capability to abrogate the type I IFN
response, which may ultimately provide a more thorough under-
standing of the virulence potential of a particular strain. Ongoing
studies are currently under way to further characterize and un-
derstand the interaction betweenNS1 and RIG-I at themolecular
level.
Strain-dependent functions of NS1 and their potential impact
on virulence is pertinent to interpreting and understanding the
data presented. The concept of modulating influenza virulence
via strain-dependent interactions involving NS1 and host cellular
proteins has been previously documented. Specifically, the
interaction between the NS1ED and the 30-kDa subunit of the
cleavage and polyadenylation specificity factor (CPSF30) (Das
et al., 2008; Nemeroff et al., 1998) has been studied in a number
of strains of influenza. By sequestering CPSF30, a key compo-
nent of the mammalian 30-end mRNA processing machinery (Li
et al., 2001), NS1 downregulates global host gene expression
and antagonizes the type I IFN response (Dankar et al., 2013;
Kochs et al., 2007; Twu et al., 2007). This interaction was first
discovered and structurally characterized using the Udorn strain
of influenza (Das et al., 2008). However, subsequent studies have
determined that other strains such as the pandemic 2009 H1N1
and the highly pathogenic 2013 H7N9 strains do not interact with
CPSF30 (Ayllon et al., 2014; Hale et al., 2010). In addition, highly
pathogenic H5N1 strains that have circulated in China since
1996 have shown variable CPSF30 binding capability (Dankar
et al., 2013; Spesock et al., 2011). The NS1ED/CPSF30 interac-
tion has been established as a virulence determinant for multiple
strains of influenza. Thus, the NS1ED/CPSF30 interaction marks
an example of NS1 function that is not only strain dependent but
is also capable of modulating virulence. Our results provide
further support for the presence of strain-specific interactions
with host proteins that have the potential to modulate influenza
virulence.10, November 3, 2015 ª2015 Elsevier Ltd All rights reserved 2007
Figure 9. Quantitative Structural Analysis
Reveals Differences in the Relative Spatial
Arrangements of the a3 and a3
0 Helices
from the 1918H1N1 and Udorn NS1RBD
(A) Clustal alignment of the 1918H1N1 and Udorn
NS1RBD, with residue differences indicated in gray.
(B–E) Comparison of the distances between
the 1918H1N1 a3 and a3
0 Ca atoms (B), atoms
composing the peptidyl backbone (C), atoms
composing the side chains (D), and all atoms (E)
demonstrate a significant difference in the average
distance between the a3 and a3
0 helices from the in
the 1918H1N1 NS1RBD compared with the Udorn
NS1RBD. The resultant data were analyzed using
the Student t test and all data are represented as
the mean ± SEM.EXPERIMENTAL PROCEDURES
Cloning, Protein Expression, and Purification
The RNA binding domains of the 1918H1N1 and Udorn influenza non-structural
protein 1 (NS1) gene were subcloned into a 6xHis-SMT3 fusion T7 expression
vector (pE-SUMO; Life Sensors) using primers designed to amplify residues 1–
73 of the full-length plasmids of 1918H1N1 and Udorn influenza NS1 (Biomatik).
For the second caspase activation and recruitment domain (CARD2) of the
retinoic acid-inducible gene I (RIG-I), primers designed to amplify to residues
90–188 of the full-length plasmid of the RIG-I protein (Biomatik) were used to
subcloneCARD2 into the 6xHis-SMT3 fusion T7 expression vector (pE-SUMO;
Life Sensors). For the 1918H1N1 and Udorn NS1RBD samples, expression plas-
mids were transformed into DE3 Star BL21 Escherichia coli cells and grown in
minimal media supplemented with 15NH4Cl and/or D-glucose (U-
13C6-99%)
depending on the desired labeling scheme. The NS1RBDs were induced at
an OD600 of 0.6 with 1 mM isopropyl b-D-1-thiogalactopyranoside (IPTG) for
24 hr at 25C while CARD2 was induced at an OD600 of 0.6 with 0.1 mM
IPTG for 18 hr at 18C. Typical yields were 18 mg/l and 20 mg/l with >95%
purity, as verified by SDS-PAGE (data not shown), for the NS1RBDs and
CARD2, respectively.
NMR Spectroscopy
NMR experiments were carried out at 25C using Bruker Avance III spectrom-
eters equipped with TCI cryoprobes operating at 600- and 850-MHz 1H fre-
quencies. All NMR data were processed using NMRPipe (Delaglio et al.,
1995) and analyzed using NMRView (Johnson and Blevins, 1994) compiled
on Linux workstations. Backbone 1H, 13C, and 15N resonances were assigned2008 Structure 23, 2001–2010, November 3, 2015 ª2015 Elsevier Ltd All rights reservedusing standard triple-resonance assignment ex-
periments. Side-chain resonance assignments
were obtained by manual analysis of 3D HCCH-
TOCSY, HCCH-COSY, HNHA, and HCC(CO)NH
experiments. Aromatic resonances were assigned
using the 2D [1H-1H] COSY, 2D [1H-1H] TOCSY,
and 2D [1H-1H] NOESY experiments with samples
solvated in 100% D2O.
Residual Dipolar Coupling
All isotropic NMR data were acquired at 25C on a
300-ml sample at pH 6.0 containing 1.0 mM [U-15N;
U-13C]-RBD, 300 mM ammonium acetate, 2.2 mM
EDTA, 0.15% NaN3 in 93% H2O, and 7% D2O.
Similar samples of 0.3 or 0.6 mM [U-15N; U-13C]-
RBD, supplemented with 5% C12E5 polyethylene
glycol (Fluka)/hexanol mixture (0.96 surfactant/
alcohol molar ratio) (Ruckert and Otting, 2000) or
aligned in a negatively charged acrylamide gel
stretched from 5.4 to 4.2 mm (Ulmer et al., 2003),




aRDCs. HN and CaHa couplings were measured from 2D ARTSY (Fitzkee and
Bax, 2010) and 3D HCA(CO)N antiphase 1H-coupled in the 13Ca dimension
spectra, respectively.
Structure Calculation
The Cyana program with automatic NOE assignments was used to produce
initial folds. Subsequently these were refined in XPLOR-NIH with radius of gy-
ration and RDC constraints. The final deposited structures were additionally
refined in the new implicit solvation potential (EEFx) of XPLOR-NIH (Tian
et al., 2014). Distance restraints of 1.9 and 2.9 A˚ per involved pair of residues
were used to represent hydrogen bonds for HN-O and N-O, respectively (Wu¨-
thrich, 1986). NOE peak intensities in 3D NOESY spectra were automatically
assigned using Cyana and converted for XPLOR-NIH into a continuous distri-
bution of 1,133 approximate interproton distance restraints, with a uniform
40% distance error applied to take into account spin diffusion. All monomeric
constraints were symmetrically duplicated for dimer refinement. The Cyana
upper limit distance restraints were scaled (by a factor of 0.82) so that the con-
verted XPLOR-NIH NOE distance restraints reached a 6.3 A˚ maximum
(including a 40% error to account for spin diffusion). The Cyana dimeric model
was obtained using approximately 20 intersubunit manual NOE assignments.
We noted a major structural distortion in the Cyana-generated caboxyl termi-
nal helix (a3/a3
0), which was bent at the middle by about 60. The XPLOR-NIH
RDC refined structures show a straight C-terminal helix.
Structure calculations and refinement made use of the torsion angle molec-
ular dynamics and the internal variable dynamics modules of XPLOR-NIH
(Schwieters et al., 2003) to ensure preservation of the correct peptide geome-
try when applying RDC and distance constraints simultaneously. The X-PLOR
Figure 10. Sequence Logo Displaying the Conservation of Residues
in the Regions of the NS1RBD that Interact with CARD2
Sequence alignment was performed on all NS1 sequences (8,828) found in
the influenza database (www.fludb.org). This figure was generated using
WebLogo (Crooks et al., 2004).non-crystallographic symmetry potential term was included to maintain iden-
tical structure of the monomeric subunits. PyMol (Delano Scientific) and VMD-
XPLOR (Schwieters and Clore, 2001) were used to analyze the structures.
Neither the final set of calculated structures nor the subset of lowest-energy
structures (i.e. 20 out of 100) that were selected for further solvation refinement
showed any consistent (i.e. in more than 17% of the calculated structures)
NOE violations larger than 0.5 A˚.
Chemical Shift Perturbation
Interactions between the NS1RBD (1918H1N1 and Udorn) and CARD2 of RIG-I
were assessed using 1H-15NHSQC-based CSP experiments. For these exper-
iments, we collected 1H-15N HSQC spectra from the NS1RBD of interest in the
unbound state and in the presence of CARD2. When comparing the two
spectra, the changes in chemical shift resonances were calculated using the








The cutoff value used to determine statistically significant chemical shift
differences ð2scorr0 Þ was calculated using a previously published method.
This method was determined to result in less than 4.5% false positives when
discriminating between interacting and non-interacting residues (Schumann
et al., 2007). These experiments were performed in CSP buffer (150 mM
ammonium acetate, 2.2 mM EDTA, and 0.15% sodium azide [pH 6.0]).
Quantitative Analysis of Structural Deviation
To assess structural variation, we used the lowest-energy structures for the
1918H1N1 and the Udorn (PDB: 1NS1) NS1RBD solution structures. Coordi-
nates for each atom were extracted from each solution structure and used
for obtaining distance information. Atomic intramolecular distances between
the a3 and a3
0 helices (Ile54 to Ser73) were measured using the following
equation: ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃh
ðX2  X1Þ2 + ðY2  Y1Þ2 + ðZ2  Z1Þ2
ir
The mean average intramolecular for each strain was calculated. When as-
sessing intramolecular differences between the a3 and a3
0 helices, only resi-
dues conserved between the two strains were considered to avoid biasing
any data by varying lengths of side chains. The resultant data were analyzed
using Student’s t test, and all data are represented as the mean ± SEM.Structure 23, 2001–20SUPPLEMENTAL INFORMATION
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